A com parison of kinetic models describing the sorption of pollutants has been reviewed. The rate m odels evaluated include the Elovich equation, the pseudo-® rst order equation and the pseudo-second order equation. Results show that chemisorption processes could be rate limiting in the sorption step. The pseudo-second order equation m ay be applied for chem isorption processes with a high degree of correlation in several literature cases where a pseudo-® rst order rate mechanism has been arbitrarily assumed. This present paper presents a literature review of over 250 system s analysed by the Lagergren pseudo-® rst order kinetic m odel. Three of these results have been analysed and com pared by the pseudo-second order rate m echanism and the Elovich equation, for the sorption of phosphate onto tamarind nut shell activated carbon 21 and the sorption of Pb(II) and Cu(II) onto bottom ash 22 .
INTRO DUC TION
M any attem pts have been made to formulate a general expression describing the kinetics of sorption on solid surfaces for liquid-solid phase sorption system s. The pseudo-® rst order equation was ® rst represented by Lagergren 1 for the sorption of oxalic acid and malonic acid onto charcoal. Several applications of the Lagergren equation have been widely applied throughout the years. An early application of the pseudo-® rst order rate equation of Lagergren was the sorption of cellulose triacetate from chloroform onto calcium silicate by Trivedi et al. 2 .
Num erous studies report ® rst order Lagergren kinetics for the sorption of metals such as the sorption of As(III) from aqueous solutions by haematite 3 , the sorption of nickel(II) from aqueous solutions by W oolastonite and china clay 4, 5 , the sorption of chrom ium(VI) by bismuth trioxide 6 , the sorption of cadm ium(II) onto hydrou s ceric oxide 7 , the sorption of chrom ium (III) by natural m oss and chrom ium (VI) by copper-coated moss 8 , the sorption of m ercury(II) onto hydrou s zirconium oxide 9 , the sorption of lead(II) onto kaolinitic clay 10 , the sorption of arsenite (III) and arsenate(V) using basic yttrium carbonate 11 and the sorption of arsenic(V) on haematite and feldspar 12 ; of dyes such as the sorption of Omega Chrome Red M E (OCRM E) using a 1:1 ratio of¯y ash and coal 13 , the sorption of M ethylene Blue on water hyacinth roots 14 , the sorption of Orlamar Red BG (ORBG) by Fom itopsis carnea 15 , the sorption of Congo Red, Procin Orange and Rhodam ine-B by waste orange peel 16 , the sorption of Cong o Red on red m ud 17 and the sorption of Acid Blue 29 and Reactive Blue 3
on chrom e sludge 18 . Others studies utilizing the pseudo-® rst order model include the sorption of Acid Violet dye onto waste banana pith 19 and the sorption of¯uoride, phosph ate and arsenate(V) using lanthanum -im pregnated silica gel 20 .
This present paper presents a literature review of over 250 system s analysed by the Lagergren pseudo-® rst order kinetic m odel. Three of these results have been analysed and com pared by the pseudo-second order rate m echanism and the Elovich equation, for the sorption of phosphate onto tamarind nut shell activated carbon 21 and the sorption of Pb(II) and Cu(II) onto bottom ash 22 .
DISC USS ION
In order to investigate the m echanism of sorption and potential rate controlling steps such as mass transport and chemical reaction processes, kinetic m odels have been used to test experimental data. These kinetic models included the pseudo-® rst order equation, the pseudosecond order equation and the Elovich equation.
The Pseudo-First Order Equation
The pseudo-® rst order equation of Lagergren 1 is generally expressed as follows:
where q e and q t are the sorption capacity at equilibrium and at tim e t, respectively (m g g 1 ) and k 1 is the rate constant of pseudo-® rst order sorption (l min 1 ). After integration and applying bounda ry conditions t 0 to t t and q t 0 to q t q t , the integrated form of equation (1) becom es:
log q e q t log q e k 1
t 2
The equation applicable to experim ental results generally differs from a true ® rst order equation in two ways 23 :
· The parameter k 1 (q e q t ) does not represent the number of available sites.
· The parameter log(q e ) is an adjustable param eter and often it is found not equal to the intercept of a plot of log(q e q t ) against t, whereas in a true ® rst order log(q e ) 332 0957 ±5820/98/$10.00+0.00 Institution of Chemical Engineers Trans IChemE, Vol 76, Part B, Novem ber 1998 should be equal to the intercept of a plot of log(q e q t ) against t.
In order to ® t equation (2) to experimental data, the equilibrium sorption capacity, q e , must be known. In many cases q e is unknown and as chem isorption tends to becom e unmeasurably slow, the am ount sorbed is still signi® cantly sm aller than the equilibrium amount 24 . In m ost cases in the literature, the pseudo-® rst order equation of Lagergren does not ® t well for the whole range of contact time and is generally applicable over the initial 20 to 30 m inutes of the sorption process. Furthermore, one has to ® nd som e means of extrapolating the experim ental data to t ¥ , or treat q e as an adjustable parameter to be determined by trial and error. For this reason, it is necessary to use trial and error to obtain the equilibrium sorption capacity, q e , to analyse the pseudo-® rst order model kinetics. In over 50% of literature references, based on analysing sorption kinetics, the authors did not measure an equilibrium isotherm .
The Pseudo-Second Order Equation
If the rate of sorption is a second order mechanism , the pseudo-second order chem isorption kinetic rate equation is expressed as:
where q e and q t are the sorption capacity at equilibrium and at tim e t, respectively (m g g 1 ) and k is the rate constant of pseudo-second order sorption (g mg 1 min 1 ). For the bound ary conditions t 0 to t t and q t 0 to q t q t , the integrated form of equation (3) Equation (6) does not have the disadvantage of the problem with assigning an effective q e . If pseudo-second order kinetics are applicable, the plot of t /q t against t of equation (6) should give a linear relationship, from which q e , k and h can be determ ined from the slope and intercept of the plot and there is no need to know any parameter beforehand.
The Elovich Equation
The Elovich equation is generally expressed as follows 25 
Thus, the constants can be obtained from the slope and the intercept of a straight line plot of q t against ln(t). Equation (10) will be used to test the applicability of the Elovich equation to the kinetics of sorption.
Analysis of Data from the Literature
The pseudo-® rst order equation has been adequately employed to describe reactions. How ever, it is typically expressed in a range of reaction only 5, 28 . The data of Bhargava and Sheldarkar 21 for the sorption of phosphate onto unrinsed tamarind nut shell activated carbon (TNSA C) and rinsed tamarind nut shell activated carbon were plotted according to equation (2) and the results are shown in Figure 1 . The equilibrium capacity q e was obtained by trial and error and the correlation coef® cients are 0.957 for unrinsed TNSA C and 0.967 for TNSA C. The plot of t/q t against t of equation (6) is shown in Figure 2 over the whole range of studies supporting a pseudo-second order equation and is in agreement with chemisorption being the rate controlling step. In addition, the same data are also plotted with the Elovich equation (10) and the results are shown in Figure 3 . The correlation coef® cients are 0.967 for unrinsed TNSA C and 0.933 for TNSAC.
Other data from the literature were also tested by plotting t/q t against t for the sorption of lead(II) and copper(II) onto bottom ash according to equation (6) 22 . The agreement of experimental data and the pseudo-second order equation is much better than those for the other two equations. The sorption of lead(II) and copper(II) onto bottom ash were plotted with excellent correlation coef® -cients Ð 0.990 for lead and 1.00 for copper Ð and the results are shown in Figure 4 .
Num erous applications of the Lagergren equation have been reported. A com parison of the rate constant m odels of pseudo-® rst order systems is given in Table 1 . Boyd et al. 50 proposed that if the ® lm diffusion is rate controlling, the slope of the plots of equation (2) will vary inversely with the particle size, the ® lm thickness and with the distribution coef® cient, k; if the sorption rate controlling step is chem ical exchange, the slope will be independent of particle diam eter and¯ow rate and will depend only on the concentration of the sorbate in solution and the tem perature. In the case of the sorption of m ercury(II) onto hydrou s zirconium oxide 9 , the rate constant is independent of concentration. The m echanism of sorption m ay not be ion exchange or chem ically rate controlling. For the sorption of arsenic(V) onto haematite 12 , the rate constant is independent of agitation but dependent on tem perature. The m echanism of arsenic(V) sorption onto haematite may be chem ically rate controlling. the rate constant is dependent on concentration and tem perature. Diffusional mass transport m odels applied to sorption system s have not been reviewed in this paper, but their role is extremely im portant particularly in processes where ion exchange and ionic bondin g are not as prevalent as in chem isorption processes. The diffusion models are usually based on one or m ore of the following mechanistic steps:
(1) external mass transport across the bounda ry layer surrounding the particle; (2) diffusional m ass transfer within the internal structure of the adsorbent particle by a pore, surface, branched pore or a com bination of these mechanism s; (3) adsorption at a surface site.
The diffusional mass transport models have been developed extensively for the rem oval of organics and dyestuffs from wastewaters. Pore diffusion models with external mass transport have been developed for the adsorption of phenolic compound s onto activated carbon 51 and acid dyes onto bagasse pith 52 .
Hom ogeneous solid surface diffusion m odels have been developed for the adsorption of phenol onto activated carbon using the Crank-Nickolson ® nite difference m ethod to solve the diffusion equation 53 , the adsorption of phenolic com pound s onto carbon using orthogonal collocation to solve the diffusion equation 54 and the adsorption of basic dyes onto silica 55 and basic dyes onto activated carbon 56 , using a semi-analytical solution to solve the diffusion equation. Branched pore diffusion models based on macro-, meso-and micropore diffusion have been developed for phenol adsorption 57 and dye adsorption on activated carbon 58 .
The application of variable surface diffusivity to the HSD M has been studied in several cases 59 61 .
A pore-solid diffusion model has been developed and used to describe the adsorption of organics onto activated carbon 62, 63 .
In the case of these diffusional mass transport models, the solutions involve a reasonable degree of mathem atical com plexity.
C ON C LUSIO NS
It appears that the majority of adsorption studies reported in the literature are represented as pseudo-® rst order rate m echanisms. In m any instances this model is restricted to a lim ited fraction of the reaction range and other available kinetic models have not been used to test and correlate the data. The lim ited data from the literature which has been tested in the present paper indicate that system variables 
